The time to measure an EXAFS spectrum has been improved dramatically from minutes in the early days to seconds with quick EXAFS (QEXAFS)[@b1][@b2] and milliseconds with EDE[@b3][@b4]. Microsecond EDE has only recently become accessible with the advent of the fast readout silicon Quantum Detectors ULTRA and the high brilliance third generation synchrotron radiation sources[@b5][@b6]. The time domain for chemically or thermally driven reactions could vary from hours to ultrafast regime when atomic or electronic motions are the dominant effect. Representatives are catalytic process[@b7], formation of metal nanoparticles[@b8][@b9] and thermolysis dynamics[@b10][@b11] and such reactions are well suited for time-resolved EDE studies.

We have applied microsecond EDE (μs-EDE) to the thermolysis of di-ammonium hexachloroplatinate, (NH~4~)~2~\[PtCl~6~\], which was predicted to first undergo an internal redox reaction forming an intermediate, which subsequently completely decomposes to metallic Pt. (NH~4~)~2~\[PtCl~6~\] has been shown to be a good precursor to obtain metallic Pt through thermolysis due to its low decomposition temperature[@b12]. The thermolysis mechanism has been investigated extensively[@b13][@b14][@b15][@b16] including time-resolved EDE at the Cl K-edge and Pt L~3~ edge with a time resolution of 10 seconds[@b10], and several intermediates such as PtCl~4~[@b14], PtCl~6~[@b15] and cis-PtCl~2~(NH~3~)~2~[@b10], have been proposed. However, despite these numerous studies[@b10][@b13][@b14][@b15][@b16], direct structural evidence for the intermediate and the reaction dynamics have been lacking. Here, microsecond time-resolved EDE provided direct structural evidence of cis-PtCl~2~(NH~3~)~2~ as the intermediate, together with detailed reaction dynamics.

Results
=======

Data analysis
-------------

The single shot EXAFS spectrum of (NH~4~)~2~\[PtCl~6~\] at the onset of the measurement with a time resolution of 60 μs is shown in [Figure 1a](#f1){ref-type="fig"}, which is good enough to follow the signal changes by analyzing the XANES region but maybe too noisy to obtain consistent structural parameters from detailed EXAFS analysis. To increase the signal to noise ratio, the thermal decomposition reaction of (NH~4~)~2~\[PtCl~6~\] was repeated for 15 times with the same experimental conditions. The experimental data at the same time delays of each separate reaction were averaged without changing the time resolution. The averaged spectrum from 15 reactions at the onset of the measurement with a time resolution of 60 μs is shown in [Figure 1b](#f1){ref-type="fig"}, all the averaged spectra during the course of the reaction are shown in a two dimensional image in [Figure S1](#s1){ref-type="supplementary-material"} in the [supplementary information (SI)](#s1){ref-type="supplementary-material"}. An initial data analysis, aimed to search new intermediates with short lifetime at the onset of the reaction, was carried out from 300 to 330°C using 3×10^6^ spectra with a time resolution of 60 μs which were averaged from 15 reactions. After confirmed that only cis-PtCl~2~(NH~3~)~2~ is formed as intermediate and realized that 60 μs is much faster than the speed of the thermolysis reaction from the first analysis, 3×10^7^ EXAFS spectra collected from 208 to 508 ± 5°C were averaged every 100 spectra along the reaction to further increase the signal-to-noise level. Finally, 3×10^5^ spectra averaged for 1500 times with a time resolution of 6 ms were used for the second data analysis, which are shown in [Figure 2a](#f2){ref-type="fig"} to illustrate the continuous evolution of the EXAFS signals during the course of the reaction. The normalized absorption coefficient *χ~μ~(E)* and the fine structure signal *k*^3^*χ(k)* at the onset of the measurement is shown in [Figure 1c](#f1){ref-type="fig"} to demonstrate the quality of the data, and selected absorption spectra at various reaction stages are shown in [Figure 2b](#f2){ref-type="fig"} to illustrate the signal changes. What need to be noted is that there are several Bragg peaks in the transmitted intensity after the sample and in I0 at the Pt L~3~ edge (11563.7 eV), which come from the Si311 monochromator. Since our I0 is only measured once before the reaction, one of the Bragg peaks in the transmitted intensity is not compensated completely by that in I0 due to slight perturbation of the X-ray beam during the course of the measurement, producing a glitch in the middle of the EXAFS spectra. A Python deglitch program, which is similar to the deglitch function in Athena, is used to remove the glitches by setting appropriate tolerance values and energy ranges.

The experimental data were analyzed using linear combination fitting (LCF) with reference spectra, to obtain the structural dynamics of the reactant, intermediates and product in the course of the reaction. The initial molecule (NH~4~)~2~\[PtCl~6~\] could decompose through three possible channels: (i) cis-PtCl~2~(NH~3~)~2~ or trans-PtCl~2~(NH~3~)~2~ plus 2HCl and 2Cl, (ii) PtCl~6~ + 2NH~3~ + H~2~, and (iii) PtCl~4~ + NH~3~ + HCl + NH~4~Cl. Because the EXAFS data is element specific, only those molecules containing Pt atoms could be detected at the Pt L~3~ edge and were considered as possible intermediates in the data analysis, while molecules such as HCl, NH~3~, and NH~4~Cl are not included in the analysis. In summary the EXAFS spectra of following molecules are measured and used as references in the analysis: (NH~4~)~2~\[PtCl~6~\], cis-PtCl~2~(NH~3~)~2~, trans-PtCl~2~(NH~3~)~2~, PtCl~4~, and metallic Pt. Since PtCl~6~ does not exist and the only similar compound PtF~6~, in which the oxidation state of platinum is Pt^6+^, is volatile and cannot be measured at high temperature, the reference spectrum of PtCl~6~ is lacking. The formation of PtCl~6~ in the course of the thermolysis reaction is excluded from the electronic structure dynamics which is shown below in Figure 5. Due to the increase in anharmonic vibrations and disorder in the lattice structure of the compound, which results in asymmetry of the pair distribution functions, the EXAFS signals are dampened at high temperature[@b17][@b18][@b19]. Since the experiment was carried out between 208 to 508°C, the reference spectra of the above mentioned molecules were also measured at high temperatures to take into account the thermal effect. Our results illustrate that the starting material (NH~4~)~2~\[PtCl~6~\], cis-PtCl~2~(NH~3~)~2~, trans-PtCl~2~(NH~3~)~2~, and PtCl~4~ decompose after 315°C, 268°C, 265°C and 366°C, respectively, based on which the absorption spectra at 300°C for the starting material, 250°C for cis-PtCl~2~(NH~3~)~2~ and trans-PtCl~2~(NH~3~)~2~, and 350°C for PtCl~4~ are used as references in the data analysis. [Figure 3a](#f3){ref-type="fig"} shows the comparison of the absorption spectra of the above mentioned molecules at chosen and ambient temperatures. The signals of the starting molecule at 300°C and PtCl~4~ at 350°C dampen conspicuously, while there is only slightly change for cis-PtCl~2~(NH~3~)~2~ at 250°C and the signal of trans-PtCl~2~(NH~3~)~2~ at 250°C is almost identical to that at ambient temperature.

The absorption spectra of Pt foil change significantly from ambient temperature to 320°C, while are almost identical between 320 and 500°C as shown in [Figure S2](#s1){ref-type="supplementary-material"} in [SI](#s1){ref-type="supplementary-material"}. Since the phase transition of Pt is around 2000°C[@b20], the EXAFS signal changes of Pt foil before 500°C come only from the thermal disorder, the spectra of Pt foil measured between 320 and 500°C are averaged and used as reference in the data analysis. It is most probably, however, that small nanoparticles of Pt are formed at the onset of the thermolysis reaction which then nuclear progressively to bulk entities during the course of the reaction[@b21][@b22], the EXAFS signal of metal nanoparticles are different from that of bulk foil since the nanoparticles generally have dispersed or disordered structures with asymmetry pair distribution functions[@b18][@b23] and the atom-atom distance could also be quite different from that in well-defined bulk structure[@b17]. The absorption spectrum of Pt foil alone cannot reproduce the signals of metallic Pt formed in the thermolysis reaction, which could be in the form of small clusters or a mixture of nanoparticles and bulk entities. The absorption spectrum of the starting molecule (NH~4~)~2~\[PtCl~6~\] at 400°C, after the thermal decomposition reaction completed and only metallic Pt exist, is used as the second reference spectrum for metallic Pt. Since the thermal decomposition reaction starts at 315°C and finishes before 400°C, the absorption spectrum of the fully reduced sample at 400°C may not represent precisely the signals of metallic Pt during the course of the reaction, another measurement on cis-PtCl~2~(NH~3~)~2~ was carried out at high temperatures after the decomposition point. From our measurement cis-PtCl~2~(NH~3~)~2~ starts to decompose at 268°C and the EXAFS spectra between 300 and 400°C are almost identical and represent the characteristic of metallic Pt as shown in [Figure S3](#s1){ref-type="supplementary-material"}, which are averaged and used as the third reference for metallic Pt. In summary three absorption spectra that come from bulk material and small clusters of Pt are used as references for metallic Pt in the data analysis: the Pt foil measured at high temperature between 300 and 500°C, the EXAFS spectra of (NH~4~)~2~\[PtCl~6~\] at 400°C and cis-PtCl~2~(NH~3~)~2~ between 300 and 400°C, which are shown in [Figure 3b](#f3){ref-type="fig"}.

Geometric structure dynamics
----------------------------

[Figure 4a](#f4){ref-type="fig"} illustrates the LCF process with a least-square refinement algorithm[@b24]. The fit yields the weight (or mole ratio) of the reactant, putative intermediates and product. By fitting the experimental EXAFS data at each reaction step as illustrated in [Figure 2b](#f2){ref-type="fig"}, the population evolution of different molecules involved in the reaction could be followed in real time. [Figure 4b](#f4){ref-type="fig"} shows the structural dynamics of the reactant, intermediate and the final product, as a function of the reaction temperature. Different reaction dynamics was obtained when the absorption spectra of (NH~4~)~2~\[PtCl~6~\], cis-PtCl~2~(NH~3~)~2~, trans-PtCl~2~(NH~3~)~2~, PtCl~4~ and Pt foil measured at ambient temperature were used as references, the result is shown in [Figure S4](#s1){ref-type="supplementary-material"}.

Electronic structure dynamics
-----------------------------

A big advantage of EXAFS is that the valence electronic and the geometric structure about the absorbing atoms can be obtained simultaneously in a single spectrum[@b25]. The white line intensity that reflects the unoccupied density of states and the rising edge that reflects the excitation of core electrons to the ionization threshold could be used as fingerprints to show the valence electronic structural dynamics in the course of a chemical reaction. [Figures 5a and 5b](#f5){ref-type="fig"} illustrate the changes of the integrated white line area and the first order derivatives, respectively, during the course of the thermolysis reaction of (NH~4~)~2~\[PtCl~6~\]. For the first order derivatives, three homogeneously separated peaks are observed and evolve with the reaction process, the changes of the relative intensities of the first and last appeared peaks during the course of the reaction are shown in [Figure 5c](#f5){ref-type="fig"}.

Elucidation of the intermediate
-------------------------------

During the LCF, all the reference spectra measured at high temperatures as shown in [Figure 3](#f3){ref-type="fig"} were included and the concentration of each specie was evaluated freely using the least-square refinement algorithm until a best fit with minimum figure of merit value (χ^2^) was obtained[@b24][@b26][@b27]. Our results illustrate that only the starting molecule at 300°C, cis-PtCl~2~(NH~3~)~2~ at 250°C and the averaged absorption spectra of cis-PtCl~2~(NH~3~)~2~ measured from 300 to 400°C survive in the LCF, while the concentration of the other species converges to zero. The fitting result of a selected EXAFS spectrum at 335°C was shown as an example in [Figure 4a](#f4){ref-type="fig"} to illustrate the fitting process. To determine the molecular structure of the intermediate and compare with [Figure 4a](#f4){ref-type="fig"}, similar fittings using trans-PtCl~2~(NH~3~)~2~ or PtCl~4~ only as the intermediate were made and shown in [Figure 6a and b](#f6){ref-type="fig"}.

Discussion
==========

Our results in [Figure 4b](#f4){ref-type="fig"} illustrate that the decomposition of the parent molecule (NH~4~)~2~\[PtCl~6~\] starts at 315°C and finishes at 370°C with a time constant of 5.5 minutes, the population of the starting molecule decays exponentially with two steps separated at 335°C with reaction rate constants of 0.015/s and 0.005/s respectively, which illustrates the existence of intermediates during the course of the reaction. The intermediate cis-PtCl~2~(NH~3~)~2~ is formed simultaneously at the onset of the reaction, its population reaches a maximum at 328°C with a rate constant of 0.046/s then decays completely to the final products at 390°C in two steps separated at 370°C with rate constants of 0.004/s and 0.025/s, respectively. Metallic Pt is formed 1 minute after the intermediate at 325°C and its population increases with a two-step exponential function with reaction rate constants of 0.042/s and 0.002/s, after 390°C metallic Pt is the only Pt-species in the sample. The calculation of the rate constant and the results are shown in [Table s1](#s1){ref-type="supplementary-material"} in [SI](#s1){ref-type="supplementary-material"}. Our analysis reveals that of three references for metallic Pt as shown in [Figure 3b](#f3){ref-type="fig"}, only the averaged absorption spectrum of cis-PtCl~2~(NH~3~)~2~ between 300 and 400°C survives in the LCF, while the others converge to zero. Although it is not the topic of the present study, the metallic Pt formed during the course of the thermolysis of (NH~4~)~2~\[PtCl~6~\] is most probably in the form of nanoparticles since the formation of bulk Pt is ruled out from our analysis.

Different structural dynamics was obtained with reference spectra measured at ambient temperature and Pt foil only without considering the formation of Pt nanoparticles, as shown in [Figure S4](#s1){ref-type="supplementary-material"} in [SI](#s1){ref-type="supplementary-material"}. The major differences are: the population of the starting molecule decays with a single-step exponential function with a shorter lifetime of 2 minutes and, the intermediate appears 1 minute after the metallic Pt which is formed at the onset of the reaction. Formation of an intermediate after the final product is not reasonable, and the single-step exponential decay of the starting molecule, which illustrates that the formation of an intermediate is not likely, is contradict to the formation of cis-PtCl~2~(NH~3~)~2~ and the two-step thermolysis reaction process. Our results strikingly illustrate that considering the thermal effect in the data analysis is essential to follow the reaction process correctly. Although the structural dynamics in [Figure 4b](#f4){ref-type="fig"} might be slightly different from its real reaction, since the reference spectra of the starting molecule at 300°C, the cis-PtCl~2~(NH~3~)~2~ and trans-PtCl~2~(NH~3~)~2~ at 250°C are not exactly in the temperature range of the reaction between 315 and 390°C, it is the most precise result we could obtain at present report. Previous EDE study at the Cl K-edge and Pt L~3~ edge also provided information about the starting point of the reaction and proposed the structure of the intermediate. However, due to the limited time resolution of 10 seconds and only XANES signals were measured and compared with the reference spectrum measured at ambient temperature, no conclusive results could be obtained[@b10].

[Figure 5a](#f5){ref-type="fig"} illustrates that the integrated white line intensity decays exponentially in two steps separated at 335°C, illustrating the continuous decrease of the unoccupied density of states of the absorbing atom Pt, as well as the existence of intermediates during the course of the thermolysis reaction. The first order derivatives of the EXAFS spectra, which are direct measurements of the rising edges, displays three peaks at 11566.1, 11565.1 and 11564.1 eV, respectively, with an homogenous energy shift (ΔE) of −1.0 eV as shown in [Figure 5b](#f5){ref-type="fig"}. The peak at 11566.1 eV which dominates at the onset of the reaction and then decays gradually and completely disappears at the end of the reaction, is assigned to the rising edge of Pt^4+^ of the initial molecule (NH~4~)~2~\[PtCl~6~\]. The peak at 11565.1 eV only appears in the middle of the reaction and disappears at the end, it is assigned to the rising edge of Pt^2+^ in cis-PtCl~2~(NH~3~)~2.~ At the end of the reaction, the peak at 11564.1 eV dominates and is assigned to the rising edge of metallic Pt^0^. [Figure 5c](#f5){ref-type="fig"} shows the changes of relative intensities of the first order derivative signals at 11566.1 and 11564.1 eV. Consistent with the geometric dynamics ([Figure 4b](#f4){ref-type="fig"}), the valence electronic dynamics also reveals the gradual decomposition of the starting material and formation of the final product. The discontinuity in the change of the relative intensities at 335°C as shown in [Figure 5c](#f5){ref-type="fig"}, illustrates again the existence of intermediates during the course of the reaction, which confirms our assignment of the peak at 11565.1 eV to the rising edge of Pt^2+^ in cis-PtCl~2~(NH~3~)~2~. Previous thermal gravimetric analysis (TGA) showed that the thermal decomposition take place in two steps and suggested PtCl~6~ as the intermediate[@b15][@b28], however our results ([Figure 5](#f5){ref-type="fig"}) clearly illustrate the continuous decrease of the oxidation states of Pt during the course of the reaction, the formation of PtCl~6~ in which the oxidation state of platinum is Pt^6+^ could be a minor reaction channel and is negligible. Our results of geometric and electronic structural dynamics clearly illustrate the two-step reaction process during the thermal decomposition reaction: (NH~4~)~2~\[PtCl~6~\] (Pt^4+^) → cis-PtCl~2~(NH~3~)~2~ (Pt^2+^) → metallic Pt^0^.

The comparison of the fitting qualities among [Figure 4a](#f4){ref-type="fig"}, [Figure 6a](#f6){ref-type="fig"} and [Figure 6b](#f6){ref-type="fig"} illustrates that cis-PtCl~2~(NH~3~)~2~ is the most likely intermediate formed in the thermolysis of (NH~4~)~2~\[PtCl~6~\]. The residues between the experiment and fitting (green curves in [Figures 4a](#f4){ref-type="fig"}, [6a and 6b](#f6){ref-type="fig"}) as well as the figure of merit (*χ*^2^) confirm that cis-PtCl~2~(NH~3~)~2~ fits the data better than the other compounds. More importantly, if a mixture of all intermediates, cis-PtCl~2~(NH~3~)~2~, trans-PtCl~2~(NH~3~)~2~, and PtCl~4~ are included simultaneously in the fit, only cis-PtCl~2~(NH~3~)~2~ remains after least-square refinement, the fraction of other components converges to zero. Furthermore, the concentrations of trans-PtCl~2~(NH~3~)~2~ (5.6%) and PtCl~4~ (3.3%) are quite low, which are close to the error bar of the single-to-noise ratio of our data as shown in [Figures 6a and b](#f6){ref-type="fig"}, illustrating that trans-PtCl~2~(NH~3~)~2~ and PtCl~4~ could not be detected from our current measurement and their formations are minor reaction channels compared to cis-PtCl~2~(NH~3~)~2~ and is negligible.

The detection of cis-PtCl~2~(NH~3~)~2~ as the intermediate molecule, together with detailed electronic and geometric structure dynamics of involved molecules during the course of the thermal decomposition reaction of (NH~4~)~2~\[PtCl~6~\], which has escaped from previous studies, strikingly illustrates the capability of μs-EDE to film continuously a chemical reaction process in real time.

Methods
=======

The experiment was carried out at the ODE beamline at Soleil Synchrotron[@b5] at the Pt L~3~ edge using the Si311 monochromator with an intrinsic Darwin width of 0.5 eV at Pt L~3~ edge, which produces a flux of 1×10^9^ photons s^−1^ eV^−1^. It is important to use Si311 with better energy resolution to get clear white line signals which are used as fingerprints to obtain the electronic structural dynamics during the course of the thermolysis reaction. The comparison of the XANES spectra measured with Si311 and Si111 are shown in [Figure S5](#s1){ref-type="supplementary-material"} in [SI](#s1){ref-type="supplementary-material"}. A focus spot of 60 × 35 μm (horizontal × vertical) was obtained with the focusing mirror and the monochromator. The silicon ULTRA detector (Quantum Detectors, Harwell Oxford, UK) with 512 × 1 (horizontal × vertical) pixels and a pixel size of 50 μm[@b5][@b6] was used to measure the EXAFS spectra in transmission mode. The energy resolution of our measured absorption spectrum, which is controlled by several parameters[@b29][@b30], is obtained to be 0.89 eV through a convolution calculation of a reference spectrum with known energy resolution, and the detailed calculations are described in the caption of [Figure S6](#s1){ref-type="supplementary-material"} in [SI](#s1){ref-type="supplementary-material"}. The detector was operated in the external trigger mode at a repetition rate of 20 KHz, corresponding to a readout time of 50 μs, which overlaps with the integration time during the data collection to increase the time resolution. There is an additional reset time of 1.1 μs between successive spectra, an integration time of 58.9 μs is used for the measurement to obtain a time resolution of 60 μs (the time resolution equals the integration time plus reset time plus the readout time, which overlaps with the integration time of 58.9 μs and can be neglected). The upgraded control program allows to record a sequence of 7×10^7^ frames continuously, producing a predefined data matrix of 72 GB. Detailed descriptions of the silicon quantum detector are given in previous reports[@b5][@b6]. A complete EXAFS spectrum with an overall energy range of 390 eV at the Pt L~3~ edge could be obtained with a single exposure to the detector. The starting di-ammonium hexachloroplatinate (99.999%) and reference samples cis-PtCl~2~(NH~3~)~2~ (99.9%), trans-PtCl~2~(NH~3~)~2~, and PtCl~4~ (99.99%) were purchased from Sigma Aldrich and used directly without further purifications. A water cooled oven[@b31] was used to heat the sample up to 600°C at a rate of 10°C/minute, helium gas was flowed through the sample to avoid oxidations. The powders of the starting molecule, cis-PtCl~2~(NH~3~)~2~, trans-PtCl~2~(NH~3~)~2~ and PtCl~4~ were diluted using graphite powder with volume ratios of 1:8, 1:7, 1:7 and 1:9, respectively, to have an optimal absorption jump around 1 at the Pt L~3~ edge. The mixed sample was pressed homogeneously into the sample holder of the oven with a thickness of 2 mm, which is sealed using graphite foil with a thickness of 125 μm on both sides. Metallic Pt at ambient temperature was measured before and after the reaction for energy calibration.

A Windows C++ program from Quantum Detectors was used to extract text files from the data matrix and make the average. The normalization, LCF, white line integration, first order derivative calculations and deglitch of the EXAFS spectra were carried out with homemade Python programs.
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Microsecond time-resolved energy-dispersive EXAFS measurement and its application to film the thermolysis of (NH~4~)~2~\[PtCl~6~\]

We are very grateful to V. Briois (Beamline SAMBA, Synchrotron Soleil) for the experimental setup of the oven and providing the PtCl~4~ sample, P. Martinez (group systemes reseaux, Synchrotron Soleil) for the data storage.

![Single shot and averaged experimental EXAFS spectra.\
a. The single shot EXAFS spectrum at the onset of the measurement with a time resolution of 60 μs. b. Averaged EXAFS spectrum from 15 separate measurements with a time resolution of 60 μs. c. 1500 times averaged EXAFS spectrum with a time resolution of 6 ms. The normalized absorption coefficient χ~μ~(E) (left) and the fine structure signal *k*^3^*χ(k)* (right).](srep01018-f1){#f1}

![Experimental EXAFS spectra used to follow the reaction dynamics of the thermolysis of (NH~4~)~2~\[PtCl~6~\].\
a. The averaged 3×10^5^ EXAFS spectra with a time resolution of 6 ms, illustrating continuous evolution of EXAFS signal during the course of the reaction. b. Selected experimental EXAFS spectra (black curves) at the onset, in the middle and at the late stage of the reaction, together with linear combination fitting with reference spectra (red curves).](srep01018-f2){#f2}

![Reference experimental EXAFS spectra used in LCF analysis.\
a. Comparison of the measured reference absorption spectra at ambient (black) and high temperatures (red): the starting molecule (NH~4~)~2~\[PtCl~6~\] at 300°C, cis-PtCl~2~(NH~3~)~2~ at 250°C, trans-PtCl~2~(NH~3~)~2~ at 250°C and PtCl~4~ at 350°C, from top to bottom. b. the reference absorption spectra for metallic Pt: averaged Pt foil measured from 320 to 500°C (blue), the starting molecule (NH~4~)~2~\[PtCl~6~\] measured at 400°C after the thermal decomposition completed and only metallic Pt exist (red), and averaged absorption spectra of cis-PtCl~2~(NH~3~)~2~ measured from 300 to 400°C (black).](srep01018-f3){#f3}

![Structural dynamics of the reactant, intermediate and product in the course of the thermal decomposition of (NH~4~)~2~\[PtCl~6~\].\
The experimental data are fitted linearly with experimental reference EXAFS spectra shown in [Figure 3](#f3){ref-type="fig"}, using a least square refinement algorithm. The molar ratios of the references are optimized freely in the LCF until a best fit with minimum figure of merit value (χ^2^) is obtained. Our results illustrate that only the starting molecule at 300°C, cis-PtCl~2~(NH~3~)~2~ at 250°C and the averaged absorption spectra of cis-PtCl~2~(NH~3~)~2~ measured from 300 to 400°C survive in the LCF, while the concentration of the other species converges to zero. a. The experimental (black) and fitted (red) EXAFS spectra at 335°C are shown to demonstrate the linear combination fitting process. Also shown are components and their corresponding molar ratio: reactant (NH~4~)~2~\[PtCl~6~\] at 300°C (blue), intermediate cis-PtCl~2~(NH~3~)~2~ at 250°C (magenta), and product metallic Pt (orange). b. The evolution of the populations of the reactant (NH~4~)~2~\[PtCl~6~\], intermediate cis-PtCl~2~(NH~3~)~2~, and the final product metallic Pt, as a function of the reaction temperature.](srep01018-f4){#f4}

![Valence electronic structure dynamics during the course of the thermal decomposition of (NH~4~)~2~\[PtCl~6~\].\
a. The integrated white line area decreases exponentially demonstrating the continuous decrease of the unoccupied density of states of the absorbing atom Pt in the course of the reaction. b. The first order derivatives displays three homogenously separated peaks at 11566.1, 11565.1 and 11564.1 eV, respectively, with a total energy shift of 2 eV at the end of the reaction. The peak at 11566.1 eV dominates at the onset of the reaction and decreases gradually and disappears at the end of the reaction, it is assigned to the rising edge of Pt^4+^ of the reactant (NH~4~)~2~\[PtCl~6~\]. The second peak at 11565.1 eV appears in the middle of the reaction and is assigned to the rising edge of Pt^2+^ of the intermediate cis-PtCl~2~(NH~3~)~2~. The peak at 11564.1 eV dominates at the end of the reaction and is assigned to the rising edge of Pt^0^ of metallic Pt. c. evolution of the relative peak intensities at 11566.1 eV and 11564.1 eV in (b), as a function of temperature, illustrating the decomposition of the reactant and formation of the final product in the course of the reaction. Due to the overlap, the relative peak intensity at 11565.1 eV for the intermediate is almost constant, and not included in the figure. The integrated white line intensity and the relative intensities of the first order derivatives display discontinuities at 335°C instead of a single-step evolution, revealing the existence of intermediates during the course of the reaction. The white line intensities and the first order derivatives are direct experimental data and fingerprints to illustrate the electronic structural dynamics during the course of the thermolysis reaction. The formation of PtCl~6~, in which the oxidation state of the platinum (Pt^6+^) is higher than that in the starting molecule (Pt^4+^), is ruled out from our results which illustrate a continuous decrease of the oxidation state of the platinum atom in the reaction.](srep01018-f5){#f5}

![Determination of cis-PtCl~2~(NH~3~)~2~ as intermediate.\
To compare with [Figure 4a](#f4){ref-type="fig"}, in which all the reference spectra as shown in [Figure 3](#f3){ref-type="fig"} are included in the LCF and only cis-PtCl~2~(NH~3~)~2~ remains as the intermediate after the least square refinement calculation, similar fittings using trans-PtCl~2~(NH~3~)~2~ or PtCl~4~ only as the intermediate were made: the experimental (black) and fitted (red) EXAFS spectra at 335°C using a. trans-PtCl~2~(NH~3~)~2~ or b. PtCl~4~ only as the intermediate. Also shown are components and their corresponding molar ratio: reactant (NH~4~)~2~\[PtCl~6~\] at 300°C (blue), intermediate trans-PtCl~2~(NH~3~)~2~ at 250°C (magenta) or PtCl~4~ at 350°C (magenta), and product metallic Pt (orange), as well as the difference between the experimental and fitted spectra (green). The figure of merits χ^2^ in [Figure 4a](#f4){ref-type="fig"}, Figure 6a and Figure 6b illustrate that cis-PtCl~2~(NH~3~)~2~ fit the experimental data better and is the most likely intermediate formed during the thermolysis reaction of (NH~4~)~2~\[PtCl~6~\]. The difference curves in green also give a visual impression that cis-PtCl~2~(NH~3~)~2~ fit the experimental data better than trans-PtCl~2~(NH~3~)~2~ or PtCl~4~. The concentrations of trans-PtCl~2~(NH~3~)~2~ (5.6%) and PtCl~4~ (3.3%) as shown in Figure 6a and b are close to the error bar of the single-to-noise ratio of our data, illustrating that trans-PtCl~2~(NH~3~)~2~ and PtCl~4~ are minor reaction channels compared to cis-PtCl~2~(NH~3~)~2~ and can be neglected. c. Schematic reaction mechanism based on microsecond (μs) time-resolved EDE results.](srep01018-f6){#f6}
